A Genetic Investigation of Population Structure and Phylogenetics of the Benthic Polychaete Paraprionospio pinnata in Chesapeake Bay by Stubbs, Julie Beck
W&M ScholarWorks 
Dissertations, Theses, and Masters Projects Theses, Dissertations, & Master Projects 
2003 
A Genetic Investigation of Population Structure and Phylogenetics 
of the Benthic Polychaete Paraprionospio pinnata in Chesapeake 
Bay 
Julie Beck Stubbs 
College of William and Mary - Virginia Institute of Marine Science 
Follow this and additional works at: https://scholarworks.wm.edu/etd 
 Part of the Fresh Water Studies Commons, Genetics Commons, and the Oceanography Commons 
Recommended Citation 
Stubbs, Julie Beck, "A Genetic Investigation of Population Structure and Phylogenetics of the Benthic 
Polychaete Paraprionospio pinnata in Chesapeake Bay" (2003). Dissertations, Theses, and Masters 
Projects. Paper 1539617807. 
https://dx.doi.org/doi:10.25773/v5-m0sk-v651 
This Thesis is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M 
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized 
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu. 
A GENETIC INVESTIGATION OF POPULATION STRUCTURE AND 
PHYLOGENETICS OF THE BENTHIC POLYCHAETE 
PARAPRIONOSPIO PINNATA IN CHESAPEAKE BAY
A Thesis 
Presented to 
The Faculty of the School of Marine Science 
The College of William and Mary in Virginia
In Partial Fulfillment 
Of the Requirements for the Degree of 
Master of Science
by
Julie Beck Stubbs 
2003
APPROVAL SHEET
This thesis is submitted in partial fulfillment of 
the requirements for the degree of
Master of Science
Julie Beck Stubbs
Approved, July 2003
Kimberly S. Reece, Ph.D. 
Co-Committee Chairperson/Advisor
IjVfrMJt- U <*y ( ----------
Robert J. Di4z, Ph.D . f j  
Co-Committee Chairperson/Advisor
mmett Duffy, Ph.IF / (  )
TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS..................................................................................................... iv
LIST OF TABLES.................................................................................................................. v
LIST OF FIGURES...............................................................................................................  vi
ABSTRACT............................................................................................................................  ix
INTRODUCTION.................................................................................................................. 2
Effects of environment on population genetic structure............................................ 2
Hypoxia in Chesapeake Bay and its tributaries........................................................... 3
Paraprionospio pinnata ..................................................................................................  5
Genetic markers...............................................................................................................  11
Phylogeny of the Class Polychaeta...............................................................................  14
Study obj ectives...............................................................................................................  16
MATERIALS AND METHODS.........................................................................................  18
Study area.......................................................................................................................... 18
Sample collection and preparation................................................................................. 18
Morphological measurements........................................................................................  23
DNA extraction................................................................................................................  23
PCR amplification............................................................................................................  24
Cloning and sequencing..................................................................................................  27
RFLP analysis..................................................................................................................  28
Phylogenetic analysis......................................................................................................  28
RESULTS................................................................................................................................  32
Sample collection............................................................................................................  32
Morphological measurements........................................................................................  32
RFLP analysis................................................................................................................... 39
Sequencing........................................................................................................................  46
Phylogenetic analysis....................................................................................................... 61
DISCUSSION.........................................................................................................................  81
Population study...............................................................................................................  81
Phylogenetic study........................................................................................................... 83
LITERATURE CITED..........................................................................................................  91
Hi
Acknowledgments
I would like to thank my advisors, Dr. Robert J. Diaz, for guiding me towards this 
project, and Dr. Kimberly S. Reece for all of her help and support. I am also grateful to 
the other members of my committee, Dr. J. Emmett Duffy, and Dr. Peter van Veld for 
their review of and suggestions on this thesis.
I owe a special debt of gratitude to Karen Hudson and Wendi Ribeiro for all o f the 
time they put in helping me to troubleshoot. Thanks are also due to all my labmates, 
Seon-sook An, Corinne Audemard, Gwynne Brown, Ryan Carnegie, Lidia Sandoval,
Gail Scott, and Qian Zang for all their support and encouragement. George Pongonis and 
Sharon Miller went above and beyond the call of duty in helping me to obtain my field 
samples.
Most especially, I would like to thank my husband and all my family for the 
wonderful gift of love and support.
iv
List of Tables
page
1. Sample sites and the number of individuals collected from each site. Latitude and
longitude of each site are given, along with the depth of the station. The number 
of individuals of Paraprionospio pinnata collected from each site is reported in 
the final column................................................................................................................. 21
2. PCR primers used in this study. Three sets of previously published primers were
used for this study. Two primers were designed for this study. Reaction 
conditions are provided for each set of primers. Amplification was performed on 
a MJ thermocycler............................................................................................................  25
3. Restriction enzymes screened at each gene for polymorphisms. A panel of twelve
Paraprionospio pinnata individuals was screened with a variety of restriction 
enzymes at each gene....................................................................................  29
4. P values for Cochran-Mantel-Haenszel test of fifth setiger width. Above the 
diagonal are the P values (adjusted for ties) for a pair wise Cochran-Mantel- 
Haenszel test of the fifth setiger distribution of four sites. Site abbreviations are
UCB= upper Chesapeake Bay main-stem, RAP= Rappahannock River, YRK=
York River, and LCB= lower Chesapeake Bay main-stem. Below the diagonal, 
significant differences are
marked...............................................................................................................................  35
5. P values for exact test of sample differentiation based on allele frequency. Above
the diagonal are the P values of and exact test of sample differentiation. Below 
the diagonal significant differences are marked.........................................................  44
6. COI BLAST Results. Sequences were BLASTed against the Entrez database.
BLAST results from BrY6_3 are reported here...........................................................  49
V
List of Figures
1. Paraprionospio pinnata (Ehlers)
page
6
2. Sample Stations. Four stations, chosen on the basis of historical presence of 
Paraprionospio pinnata. Two of the sites, in the upper main-stem and in the 
Rappahannock River, are subject to annual hypoxia. The station in the York River 
is above the depth at which moderate hypoxia occurs in that river and the station in
the lower main-stem is never subject to hypoxic conditions.......................................... 19
3. Frequency of 5th setiger width and branchiae length categories in each of the
four stations. Because of the difference in sample size, the data is presented as 
proportions of individuals in the size class to the total number of individuals at 
that site. For 5th setiger data N for the Upper Chesapeake Bay, Rappahannock 
River, York River and Lower Chesapeake Bay are 27, 47, 48, and 31 
respectively. The N for the branchia length data for the same stations are 14, 21,
36, and 22...........................................................................................................................  33
4. Comparison of size frequency distribution in samples from the York River 
in years 1996 and 2001. Because of the difference in sample size, the data is 
presented as proportions of individuals in the size class to the total number of 
individuals collected that
year..................................................................................................................  37
5. Historical abundance of P. pinnata in the York River. Data is part of an 
unpublished monitoring program at a site in the York River with the coordinates 
Latitude = 37°14.64’, Longitude = -76 °29.67’. Samples are collected quarterly
with a Smith-Mac sediment grab. * indicate missing data.............................................  40
6. Allelic variation in the COI gene. Proportion of each allelic variation of the COI
gene, as determined by RFLP analysis with the restriction enzyme Bbs I, in four 
samples from Chesapeake Bay and its tributaries........................................................  42
7. Alignment of COI gene. An alignment of four individuals from the York River
site generated using the CLUSTAL-W algorithm (Thompson et al. 1994) in the 
Mac Vector 7.0 sequence analysis software package (Oxford Molecular) using an 
open-gap penalty of 20 and an extend-gap penalty of 10............................................  47
8. Alignment of ND4 gene using Bielawski/Gold primers. An alignment of 2
individuals from the lower Chesapeake Bay main-stem site generated using the 
CLUSTAL-W algorithm (Thompson et al. 1994) in the MacVector 7.0 sequence 
analysis software package (Oxford Molecular) using an open-gap penalty of 20 
and an extend-gap penalty o flO ...................................................................................... 51
vi
9. Alignment of ND4 gene using primers designed for this study. An alignment 
of 4 individuals from the lower Chesapeake Bay main-stem and upper Chesapeake 
Bay main-stem sites generated using the CLUSTAL-W algorithm (Thompson et al.
1994) in the Mac Vector 7.0 sequence analysis software package (Oxford
Molecular) using an open-gap penalty of 20 and an extend-gap penalty of 10............ 53
10. Alignment of AL1 gene. An alignment of 4 individuals from the lower 
Chesapeake Bay main-stem and one from the upper main-stem generated using the 
CLUSTAL-W algorithm (Thompson et al. 1994) in the Mac Vector 7.0 sequence 
analysis software package (Oxford Molecular) using an open-gap penalty of 20 and 
an extend-gap penalty of 10. One clone from one individual from the lower main- 
stem site shows significant differences in the 58-82 bp region. This clone contains
an EcoR  I restriction enzyme cut site. The others do not...............................................  56
11. Alignment of ITS gene. An alignment of 5 individuals from the upper 
Chesapeake Bay main-stem and the York River generated using the CLUSTAL-
W algorithm (Thompson et al. 1994) in the MacVector 7.0 sequence analysis 
software package (Oxford Molecular) using an open-gap penalty of 20 and an 
extend-gap penalty of 10..................................................................................................  58
12. Trimmed multi-species alignment of the COI gene. An alignment of 30 
species in the Class Polychaeta. The alignment was generated using the 
CLUSTAL-W algorithm (Thompson et al. 1994) in the MacVector 7.0 sequence 
analysis software package (Oxford Molecular) using an open-gap penalty of 20 and 
an extend-gap penalty of 10. Two Orders, four Sub-order, and thirteen Families.
The cephalopod Opisthoteuthis sp. was used as an out-group........................................ 61
13. Neighbor-Joining tree of partial COI sequence. The Neighbor-Joining tree 
generated using uncorrected “p” genetic distances of a portion of the COI gene 
following sequence alignment using CLUSTALW (Thompson, 1994).
Opisthoteuthis sp. was used as an outgroup...............................................................  65
14. Parsimony tree of partial COI sequence. The parsimony tree generated using 
of a portion of the COI gene following sequence alignment using CLUSTALW 
(Thompson, 1994). Opisthoteuthis sp. was used as an outgroup. Jackknife 
support values above 50 are shown on branches that had support. Twenty
percent character deletion was used for the Jackknife analysis.................................  67
15. Alignment of COI DNA sequences translated to amino acid sequence. COI
DNA sequence was translated to an amino acid sequence using the invertebrate 
mitochondrial genetic code in MacVector 7.0 sequence analysis software package 
(Oxford Molecular) and aligned in the same program using an open-gap penalty of 
10 and an extend-gap penalty o f0 .05 .................................................................................  70
vii
16. Neighbor-Joining tree of partial COI sequence with the third codon position 
removed. The Neighbor-Joining tree generated using uncorrected “p” values for 
genetic distances of a portion of the COI gene following sequence alignment 
using CLUSTALW (Thompson, 1994). Opisthoteuthis sp. was used as an 
outgroup..............................................................................................................................  72
17. Two most parsimonious trees of partial COI sequence with the third 
position removed. The parsimony tree generated using a portion of the COI 
gene following sequence alignment using CLUSTALW (Thompson, 1994). 
Opisthoteuthis sp. was used as an outgroup. Jackknife support values above 50 
are shown on branches that had support. Twenty percent character deletion was 
used for the Jackknife analysis........................................................................................ 74
18. Neighbor-Joining tree of partial COI amino acid sequence. The Neighbor- 
Joining tree generated using uncorrected “p” genetic distances of a portion of the 
COI gene following sequence alignment using CLUSTALW (Thompson, 1994). 
Opisthoteuthis sp. was used as an outgroup.................................................................. 77
19. Two most parsimonious trees of partial COI amino acid sequence. The
parsimony tree generated using of a portion of the COI gene following sequence 
alignment using CLUSTALW (Thompson, 1994). Opisthoteuthis sp. was used 
as an outgroup. Jackknife support values above 50 are shown on branches that
had support. Twenty percent character deletion was used for the Jackknife  79
20. Basic classification of the taxa used by Rouse and Fauchald (1997). This 
phylogenetic tree is based on a parsimony analysis of weighted morphological 
characteristics, (Same as Fig 2 in Rouse and Fauchald, 1998)..................................  84
21. Minimum-length tree for combined H3, U2 snRNA, and 28S rDNA sequence 
data. This phylogenetic tree is based on a parsimony analysis combining 
sequence for the three genes. Percentages greater than 50 for bootstrap pseudo­
sampling are shown above the clade branch. Bremer decay indices of three or 
more are shown below the branch. (Same as Fig. 5 in Brown et al. 1999)............ 87
Abstract
Communities of organisms that live in estuarine environments such as 
Chesapeake Bay and its tributaries often exhibit symptoms of stress, such as low species 
diversity and high abundance of “opportunistic” species, associated with fluctuating 
environmental conditions. In such cases it becomes difficult, using traditional methods, 
to determine when organisms are reacting to stress from additional factors. One way to 
measure sub-lethal responses to stress is to measure genetic diversity. Using the benthic 
polychaete Paraprionospio pinnata as a model organism and hypoxia as the stressor, a 
combination of morphological and genetic characters were to look for differentiation 
between sites that are exposed to hypoxic and normoxic regimes. Four sites were chosen. 
Two sites, one in the upper main-stem of Chesapeake Bay and one lower Rappahannock 
River, are subjected to severe hypoxia, lasting weeks in the Bay and days in the 
Rappahannock River, that leads to defaunation of the benthic habitat. The sites in the 
lower York River and the lower Chesapeake Bay main-stem are not generally subject to 
defaunation or severe hypoxia.
Worm sizes and branchia lengths of Paraprionospio pinnata  were measured for 
all worms at the four sites. Branchiae surface area has been linked to survival in hypoxic 
conditions (Lamont and Gage 2000). Some differences in size distribution occurred 
between sites. The largest worms were only present at the hypoxic stations. There was 
no significant difference in branchia length distribution between the sites.
Two mitochondrial and two nuclear markers were developed to examine genetic 
differentiation between sites. The mitochondrial markers, ND4 and COI, were highly 
conserved, and sequences were almost identical between all individuals examined. The 
COI gene contained one polymorphism suitable for RFLP analysis with the Bbs I 
restriction enzyme. No differences in allele proportions were observed between sites.
The nuclear markers, ITS and the anonymous locus 1 (AL1), developed for this study, 
were confounded by multiple copies of each region within individuals These sequences 
were also highly conserved among individual genomes. Very little genetic variation for 
Paraprionospio pinnata in Chesapeake Bay was observed using these markers.
COI sequences generated for this study were also used, along with sequences 
downloaded from GenBank, to construct a phylogenetic tree for the Polychaeta Class. 
COI proved to be robust at recovering family groupings, but suggested that several higher 
classifications based on morphology need to be re-examined.
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POPULATION STRUCTURE AND PHYLOGENETICS OF 
PARAPRIONOSPIO PINNA TA
Introduction
Effects of environment on genetic population structure
Traditional indicators of stress on benthic communities, such as lowered species 
diversity, and the presence or absence of indicator species, have been shown to 
problematic in estuarine systems (Dauer et al. 1993) when environmental conditions are 
not severe. Natural stress due to salinity and physical fluxes often are related to low 
species diversity. In the 1993 study by Dauer et al., no communities in the Chesapeake 
Bay estuary were consistently classified as unstressed.
Stress also has been linked to lowered genetic diversity. In a study by Street and 
Montagna (1996), it was shown that populations of six benthic copepod species near oil 
rig platforms in the Gulf of Mexico demonstrated lower genetic diversity in their mtDNA 
than did reference populations more distant from the rigs. Genetic diversity of 
populations might be used as an alternate indicator of the environmental health of a 
habitat.
Decreased genetic diversity and increased homozygosity can be indicators of 
small population sizes and/or a high level of inbreeding (Avise 1994). Alleles particular 
to individual sites are an indication that gene flow is limited. Conversely, in populations 
where wide dispersal and high gene flow occur, genetic divergence will be greatly 
reduced.
3Genetic differentiation between sites usually occurs in two ways. First, there can 
be limited dispersal of individuals or gametes between sites. This can occur at several 
life stages. If gametes have no mobility independent of the adult then matings are more 
likely to occur between adults that live in the same environment. If the larval and adult 
stages also have limited mobility, then populations may become differentiated as genetic 
drift and different selection pressures drive the population genetics in different directions. 
If, on the other hand, any life stage has a high potential for mobility, populations can 
remain homogeneous. In the marine environment even those species which are not 
sedentary can be contained by currents, temperature and salinity clines, and increased risk 
of predation.
The other major cause of population differentiation is natural selection. Migration 
between sites may occur, but if individuals with particular genotypes fail to mature and 
reproduce in some habitats then they will not contribute to the gene pool in those 
location. Over time, the gene pool at particular sites may reflect only the genes of those 
individuals well adapted to those environments.
Hypoxia in Chesapeake Bay and its tributaries
Low dissolved oxygen has occurred in Chesapeake Bay since at least 1938 
(Newcombe and Horne 1938), and has become an increasing problem as the Bay's 
watershed has become more developed. Hypoxia is defined as the condition where the 
dissolved oxygen concentration drops below 2ml/L. Such events are detrimental to 
benthic communities by reducing species diversity and abundance. Total biomass of 
demersal fish is reduced during hypoxia as well (Pihl 1989). The severity of detrimental
4ecological events is related to how low dissolved oxygen concentrations become, and the 
length of exposure to hypoxic conditions (Diaz and Rosenberg, 2001). Additional stress 
is put on the organisms by the release of H2 S from the sediments in severely hypoxic 
bottom water (<0.2 ml O2 /I).
The principle cause of hypoxia/anoxia in Chesapeake Bay is stratification of the 
water column caused by the spring freshet combined with the settlement of organic 
matter from the spring phytoplankton bloom. A large inflow of lighter, fresh water flows 
over the denser, more saline water, creating a steep halocline and isolating the two water 
masses. The magnitude of stratification depends upon the magnitude of the freshet. In 
Chesapeake Bay this stratification usually begins in March. Oxygen is depleted in 
isolated bottom water faster than it is replaced by diffusion from above. Water oxygen 
levels reach a hypoxic state in May and peak in August. Only the deepest parts o f the 
upper and mid Bay are affected by oxygen depletion. By November the bay is once 
again well mixed (Rennie and Neilson, 1994). Defaunation of affected areas results from 
this annual event (Dauer and Alden, 1995).
The lower Rappahannock, a tributary o f Chesapeake Bay, is also affected by 
summer anoxia/hypoxia (Dauer et al., 1989, 1992). Dissolved oxygen concentrations are 
at a minimum around 42 km upstream of the mouth. Hypoxia from the adjacent main 
stem of the Chesapeake Bay has some effect on the severity of the conditions, though it 
does not control formation of the hypoxic bottom waters (Park et al., 1996). The 
hypoxia and anoxia in the area is intermittent (on the order of days), but has been related 
to defaunation of the macrobenthic community (Llanso, 1992).
5Stratification and hypoxia in the York River, another Chesapeake Bay tributary, 
in contrast, are driven by a spring-neap tidal cycle (Haas, 1977). It experiences moderate 
to severe hypoxic events that last on the order of two to 12 days. These events usually 
occur approximately five times in the summer months (Diaz et al., 1992). Only areas at 
greater than 9m depth are affected by hypoxia in the York River. The hypoxia is 
generally not severe enough, or of long enough duration, to cause defaunation (Neubauer, 
1993).
Paraprionospio pinnata
The numerically dominant macro-infaunal species of the York River, and one of 
the most numerically dominant species throughout mud bottom habitats in all of 
Chesapeake Bay, is the spionid deposit feeding polychaete Paraprionospio pinnata 
(Ehlers) (Figure 1). It is found in coastal and estuarine waters all over the world at 
mesohaline and polyhaline salinities in areas with high nutrient inputs (Holland et al. 
1977; Harper et al. 1991; Carrasco and Gallardo 1983; Vargas 1988; Yokoyama and 
Tamai, 1981). This polychaete is known to survive in areas of low dissolved oxygen, 
though the actual degree of tolerance is not known (Tamai, 1985).
Paraprionospio pinnata is a convenient model animal for examining intra- 
specific population variation. The organism’s life history and feeding behavior has 
previously been examined in the Chesapeake Bay system (Hinchey, 1996, Dauer, 1985). 
It is also abundant, relatively large (15-30 mm) in size and easy to identify.
Paraprionospio pinnata has been found to be tolerant of very low oxygen 
conditions (Llanso 1992), which it likely survives through a variety of mechanisms, such
6Figure 1: Adult Paraprionospio pinnata  (Ehlers) approximately 30 mm in length 
(adapted from Lippson and Lippson 1984).
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as behavioral and ventilatory adaptations, and improved hemolymph pigments. In 
Paraprionospio pinnata oxygen exchange takes place across the membranes of its 
pinnate branchiae. Increased surface area of the oxygen exchange organs can increase the 
rate of oxygen absorption. Lamont and Gage (2000) were able to demonstrate a 
significant correlation between depth, a proxy for oxygen depletion, and branchiae 
surface area in species in the Paraprionospio genus. Their study location, the Arabian 
Sea, is subject to much greater variation in depth and oxygenation than is Chesapeake 
Bay, but it might be possible to see a such a trend among samples taken in Chesapeake 
Bay and its tributaries.
A number of physio-chemical pathways of varying efficiencies are utilized by 
organisms in order to survive hypoxic events. Gonzalez and Quinones (2000) found that 
P. pinnata utilized four enzymes, lactate dehydrogenase (LDH), octopine dehydrogenase 
(OPDH), alanopine dehydrogenase (ALPDH), and strombine dehydrogenase (STRDH) in 
anaerobic metabolism. In the area in which that study was conducted, P. pinnata 
dominated the infauna, especially in areas o f reduced oxygen. Only one other polychaete 
studied by Gonzalez and Quinones utilized this number of enzymes. Very few species 
used LDH or OPDH. This metabolic versatility may give P. pinnata  its edge in hypoxic 
waters. Mangum (1994) showed that different hemocyanin monomers in the blue crab 
Callinecties sapidus, were associated with hypoxic and normoxic habitats in the wild.
Metabolic diversity of this sort can be caused either by differential expression of 
certain genes or by separation of genetically differentiated individuals or species based on 
the form of enzyme that they produce. In the first case, all individuals or species may be 
capable of producing the same enzymes, but only those living in certain environments are
9induced to express particular forms. In the second case, some species or individuals are 
able to produce certain enzymes or forms of enzymes required for survival in that 
environment more efficiently that others, and therefore survive preferentially.
Extensive study of P. pinnata's morphological and physiological variation has 
been undertaken in Japan, the Gulf of Mexico and in Chesapeake Bay. The species 
Paraprionospio pinnata in Japan was divided into four sibling species (A, B, Cl, CII) on 
the basis of morphology, distribution and habitat preference (Tamai, 1985). Among the 
characteristics used for morphological classification in that study were the filament at the 
base of the third branchia, pigment spots on the peristomium, transverse dorsal crests, a 
ventral bi-lobed ridge on setiger 8, and adult body size. Because of the variation in 
maturation rates observed in the Gulf of Mexico and the bimodal over wintering 
population, Mayfield (1988) proposed that there may be more than one Paraprionospio 
species in the Gulf as well. No evidence has been found to suggest that there are more 
than one species o f the genusParaprionospio in Chesapeake Bay (Hinchey, personal 
communication).
The spawning season for P. pinnata lasts approximately two months beginning in 
mid-June in Japan. The pelagic stage is thought to last one to two months, with 
recruitment beginning in July. Paraprionospio pinnata produces pelagic, planktotrophic 
larvae that settle at the 32- to 37- setiger stage, which is approximately 1-2 months after 
spawning, usually in August through October in Chesapeake Bay (Hinchey, 1996). 
Mortality in the benthic juvenile stage is high. (Yokoyama, 1981).
All four sibling species of P. pinnata in Japan are thought to have pelagic 
development (Tamai, 1985). Type A, the most common and most extensively studied
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species in Japan is characterized by summer recruitment, rapid growth and high tolerance 
to low dissolved oxygen concentrations. The settlement period for type A larvae in late 
summer coincides with a decrease in abundance in other benthic infauna due to low 
oxygen levels. Large numbers of Type A larvae were collected from stations in low 
oxygen waters where adults were scarce (Yokoyama, 1995). Yokoyama concluded that 
the occurrence of P. pinnata larvae was associated with low oxygen water. Those 
individuals, however, that spawned in late spring and early summer failed to recruit; 
possibly because the benthic juveniles are less tolerant of the absence of oxygen. He 
supports this argument with the observation that "many juveniles found in July at stations 
B and C [areas of low oxygen] disappeared in August.” Experimental data showed that 
juveniles were more sensitive to variations in temperature than other life stages 
(Yokoyama, 1988). He suggests that the larvae may accumulate in low oxygen areas in 
order to decrease losses to predation. In addition, adaptation to stagnant bottom waters 
may keep larvae from being swept out into unsuitable ocean waters, reducing dispersal, 
and therefore leading to genetic differentiation among populations (Yokoyama, 1988). 
There has been no work done to confirm a genetic separation in this case.
Mayfield (1988) found that in the Gulf of Mexico recruitment pulses occurred 
during September and October. Mayfield recorded growth rates of 3.9 microns per day in 
the period between December and March. Higher growth rates were recorded for the 
summer period. The stage at which worms become sexually mature varies with 
conditions and location. Yokoyama (1990) found that worms in stable habitats grew 
more rapidly than did those in stressed, hypoxic areas, and were consequently larger (had 
more setigers) when they became sexually mature. Fecundity also depends on worm
11
size so that the worms in stressed areas are smaller and less fertile than their counterparts 
in more stable habitats. Most adults expire after spawning, a process that occurs about a 
year after settlement (Tamai, 1985). Yokoyama (1990), using cohort studies, found 
evidence that some adults survive spawning and live for more than one year.
Genetic Markers
Genetic markers, in animals, can fall into one of two categories, either they are 
part of the mitochondrial genome or part of the nuclear genome.
Mitochondrial DNA (mtDNA) is maternally inherited in most organisms. This 
means that only one copy of each gene is present within each individual. Typically 
animal mtDNA is a composed of approximately 37 genes, with a total length of 15-20 
kilobases. Of the 37 or so genes, there are around 22 tRNAs, 2 rRNAs and 13 mRNAs 
that code for proteins involved in electron transport and oxidative phosphorylation.
Introns are very rare in the mitochondrial genome, and almost all of the sequence is 
involved in coding function. This puts an evolutionary constraint on most of the 
sequence. On the other hand, most of the metabolic activity occurring within the cell is 
occurring in the mitochondria and there is a lot of free energy generated in these 
organelles. Mechanisms present in the nucleus to repair damaged DNA are lacking in the 
mitochondria. (Wilson et al. 1985). This combination is thought to lead to a much higher 
mutation rate in the mitochondrial genome. The net result o f these opposing forces is that 
the third position in amino acid coding regions is highly variable while the second and to 
a lesser extent the first position are relatively conserved for many mitochondrial genes. 
Changes in the third position frequently do not change the resulting amino acid sequence,
12
and so there is believed to be little evolutionary constraint on the third position. MtDNA, 
unlike nuclear DNA, does not recombine, so for the purposes of phylogenetic and 
population studies, the entire mtDNA molecule is one genealogical unit with multiple 
alleles.
The cytocrome oxidase I (C O I) protein is used in oxidative posphorylation as the 
final proton pump in the electron transport chain of the mitochondria. (Brzezinski, 1996) 
It is encoded by a single copy gene of the mitochondrial genome frequently used in the 
phylogeographic study of several estuarine and many other taxa including the study of 
intraspecific relationships in Asterinidae (Hart et al. 1997), mollusks (Foighil et al. 1998) 
and most importantly for the purposes of this study, in an examination o f the evolution of 
poecilogony of polychaetes in the genus Streblospio (Schulze et al. 2000), a member of 
the same family as Paraprionospio. Their study was able to confirm the division of 
Streblospio benedicti into two species, Streblospio benedicti, and Streblospio 
gynobranchiata, that was originally based on brooding behavior. Individuals that were 
pouch brooders were classified as S. benedicti, while those which had a branchiate 
brooding form were classified as S. gynobranchiata. They found that the pouched 
brooding species, Streblospio benedicti, was a paraphyletic species because populations 
o f the pouched breeding species in Florida showed a strong genetic affinity with 
populations of S. gynobranchiata in the Gulf of Mexico.
The COI gene has often been used in studies examining the relationships between 
closely related species as the study described above by Schulze et al. Its application is 
limited, however, when examining closely related populations of the same species 
because as a translated region it is relatively conserved.
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The nicotinamide adenine dinucleotide dehydrogenase subunit 4 (ND4) locus o f 
the mitochondrial genome has been used in the past for elucidating the phylogenetic 
relationships between several groups of organisms including shrews of the Sorex cinereus 
group (Demboski and Cook, 2003), and for examining the intraspecific phylogeography 
of the slender madtom (Hardy et al., 2002). Gorrochotegui-Escalante et al. (2000) 
detected seven ND4 haplotypes among ten populations of Aedes aegypti, the yellow fever 
mosquito, along the coast of Mexico using single strand conformation polymorphism 
(SSCP) analysis. These haplotypes resolved the populations into two distinct clades, and 
indicated that the populations were isolated by distance.
Nuclear loci differ from mitochondrial loci in several important ways. Most 
nuclear loci, in diploid organisms, are bi-parentally inherited, meaning that each 
individual carries two copies of each gene. Unlike mitochondrial DNA, nuclear DNA 
contains a large amount of non-coding, non-functional DNA, sometimes as introns within 
gene regions. Introns are generally not thought to be under selective pressure and 
mutations may accumulate within them. Nuclear DNA is also recombinant, making each 
locus more or less independent from others. Recombination can also lead to gene 
duplication. Multiple copies of a gene are then able to evolve independently of each 
other.
Two nuclear loci amplified strongly enough to be examined in this study. The 
first was an unintentional by-product of the PCR amplification using the Bielawski/Gold 
(1996) ND4 primers. After sequences of this secondary product and the P. pinnata ND4 
gene were determined, new primers were developed to target the P. pinnata ND4 gene 
and another set of primers were designed to target the non-specific region. One of these
products was clearly the intended target (ND4 gene) of the Bielawski/Gold primers, but 
the other had very little sequence similarity to anything in GenBank. I called this initially 
non-specific region anonymous locus 1 (AL1).
The other nuclear locus examined was the ITS (internal transcribed spacer) region 
of the ribosomal RNA gene complex. The ITS region actually contains three regions,
ITS 1, the 5.8s ribosomal RNA gene and ITS 2. The regions flanking this locus, coding 
for the small and large subunit ribosomal RNA genes, are highly conserved. The ITS 1 
and the ITS 2 regions, because of their lack of coding function, are highly variable. ITS 
sequences have been used successfully in examining the phylogenies of closely related 
species of Perinereis polychaetes (Annelida; Polychaeta; Nereididae) (Chen et al., 2002). 
ITS 2 was also used by Patti and Gambi (2001) to examine the relationships between 
different populations of the invasive polychaete species Sabella spallanzanii (Gmelin). 
Twelve populations throughout southern Australia and in the Mediterranean were 
examined, and a clear delineation between the Australian and European populations was 
observed. A reduced variability in the Australian populations also suggested a founder 
effect at this site.
Phylogeny of the Class Polychaeta
The class Polychaeta is a large and ecologically important group for which there 
is little fossil record to help elucidate the evolutionary relationships of modern groups. 
What little record exists is composed largely of tube and trace fossils which points to the 
increasing diversity of the taxa (Robison 1987). The homology of some modern 
morphological characteristics causes difficulty in the analysis of relationships based on
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morphology. There has also been a great deal of argument within the literature of the 
appropriate methods of scoring character states that are dependent on other character 
states (Eernisse 1997; Rouse and Fauchald 1995). Rouse and Fauchald (1997) was the 
first to create a phylogeny based on a parsimony analysis of morphological characters.
A number of studies have been published using molecular markers to examine the 
phylogenetics of the Annelida (see McFlugh 2000 for a thorough review of the literature), 
but most of these have focused on the relationships of such groups of the clitellates, 
siboglinids, echiurids and sipunculids to the polychaetes. There is strong evidence to 
suggest that these groups should be included within class Polychaeta as more derived 
forms. Many of these studies only addressed the question of relationships within the 
Polychaeta as a secondary objective, if they addressed it at all. Brown et. al. (1999) used 
three nuclear markers and included 24 polychaetes, but there were very few families 
represented by more than one species. Those that were did show monophyly, but many 
o f the higher relationships (proposed by Rause and Fauchald 1997) were not supported 
by this analysis. Winnepeninckx et al. (1998) included 15 polychaetes in their analysis of 
the 18S rDNA sequences. They also found that several of the groups proposed by Rouse 
and Fauchald (1997) were poly- or para-phyletic, as did Kojima (1998) where 13 
polychaetes in nine orders were analyzed using E F -la  sequences. In none of these 
studies, however, were the groupings that conflicted with Rouse and Fauchald (1997) 
supported with high bootstrap support.
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Study Objectives
This study attempts to determine if the presence of hypoxia could be a factor in 
the genetic structure of populations of Paraprionospio pinnata in Chesapeake Bay. The 
second objective of this work is to examine the phylogenetic relationship of the class 
Polychaeta, using DNA sequences from a mitochondrial locus, COI.
Since 1985, the Chesapeake Bay EPA program has been collecting quarterly 
benthic samples from a variety of locations throughout Chesapeake Bay and its 
tributaries. From these data it was possible to locate areas with a history of hypoxia and 
to identify which of these were likely to provide populations of P. pinnata in sufficient 
numbers for my analysis. Between 25 and 50 individuals were needed at each site. I 
chose sites in the lower York, and Rappahannock Rivers, and two areas in the 
Chesapeake Bay main stem. The York, Rappahannock and upper main stem stations 
represent varying degrees of hypoxia. Mortality of the sessile benthic community is 
frequent in the Rappahannock and main stem, but not in the York. The site chosen in the 
York River is too shallow to experience hypoxia and the site in the lower Chesapeake 
Bay is not affected by hypoxia. These will be used as reference sites.
If there is a substantial genetic flow then we may expect that the populations will 
be more or less homogeneous over geographical distances. This is the null hypothesis, 
that there is no differentiation between sites and that all sites are part o f a single 
population. Yokoyama's (1988) research may lead us to believe that the populations may 
be isolated from each other and that we may see genetic differentiation. If the hypoxic
17
populations are more similar to each other than to populations geographically nearer to 
them that are not affected by hypoxia, then this would suggest that selection is acting.
Materials and Methods
Study Area
Four sites were selected for this study (Figure 2). Two of them were near the 
mouths of Chesapeake Bay tributaries and two were in the main stem off the Bay itself 
O f the main stem stations, UCB is subject to severe hypoxia/anoxia, LCB does not 
experience hypoxia. In the tributaries, the Rappahannock frequently experiences 
moderate to severe hypoxia, while the York River only experiences light to moderate 
hypoxia in regions deeper than 9m. The site selected in the York River is shallower than 
9 m (Table 1) and does not experience frequent or prolonged hypoxia (Diaz et al. 1992).
Sample Collection and Preparation
Fifteen to twenty gallons of sediment were collected from each of the four sites on 
November 11 or 14, 2001 and sieved on a 0.5mm sieve. The organisms retained on the 
sieve were returned to ambient water and were examined under a microscope to identify 
Paraprionospio pinnata.
Paraprionospio pinnata were then removed to a dish of sea water, filtered on a 
500 pm filter to remove any potential food substances, and placed at 4°C for 36 to 48 
hours. This was done in order to clear out the contents of the guts and minimize the 
occurrence of contaminating DNA for the genetic work.
19
Figure 2: Sample Stations. Four stations, chosen on the basis o f historical presence 
o f Paraprionospio pinnata. Two o f the sites, in the upper main-stem and in  the 
Rappahannock River, are subj ect to annual hypoxia. The station in the York River is 
above the depth at which moderate hypoxia occurs in that river, and the station in the 
lower main-stem is never subject to hypoxic conditions.
2 0
•  Hypoxic
•  Normoxic
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Table 1: Sample sites and the number of individuals collected from each site.
Latitude and longitude of each site are given, along with the depth of the station. The 
number of individuals of Paraprionospio pinnata collected from each site is reported in 
the final column.
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Morphological Measurements
After a period of starvation, the worms were placed under a dissecting scope. 
Because many worms will shed setigers when exposed to stress, the fifth setiger width 
was measured, as a proxy for body size (Maxemchuk-Daly, 1998), under a dissecting 
microscope fitted with an ocular micrometer. The second branchiae length was measured 
to approximate branchiae surface area.
Fifth setiger width was subjected to pair-wise Cochran-Mantel-Haenszel test at an 
alpha = 0.05 to determine if there were any differences in size distribution between sites.
DNA Extraction
After measurement the worms were washed again with filtered sea water and 
placed in 95% ethanol and stored at 4 C until DNA extraction. The entire worm was used 
for extraction, either by a CTAB- phenol:chloroform extraction (Sambrook et al. 1989) or 
using a Qiagen tissue extraction kit (Qiagen, Valencia, CA) following the manufacture's 
protocol. For the CTAB extraction: The entire worm was added to 500pl of isolation 
buffer (50mM EDTA, 50mM Tris, NaCl 150 mM pH 8.0), 60pl of SDS 10%, lOpl of 
RNAse (lOmg/mL) and lOpl of proteinase K (25 mg/mL) (Invitrogen Corporation, 
Carlsbad, CA). Cell lysis mixture was incubated overnight in 37°C water bath. lOpl of 
CTAB solution (0.4 lg  NaCl, lg  CTAB in 10 mL of volume) was added and the solution 
incubated at 65°C for 20 minutes. Cell pellet was precipitated by adding 350pl of a 
saturated NaCl solution and vortexing for 15 minutes followed by a 4°C, 30 minute 
centrifugation at 14,000. DNA was extracted with an equal volume of phenol, followed 
by an extraction using equal volumes of phenol: chloroform: isoamyl alcohol (25:24:1)
24
and another equal volume extraction using chloroform:isoamyl alcohol (24:1). DNA was 
precipitated with an equal volume of isopropanol and collected by centrifugation at 4°C 
for 20 minutes. Reconstitution of the DNA pellet was in 50pl of TE (pH 8.0). Method of 
extraction did not seem to affect DNA quality.
PCR amplification
Samples were amplified using a variety of primers listed with the amplification 
reaction conditions in Table 2. Approximately 0.25pl of DNA was used in a 25pl 
reaction containing 15.375pi of DNA-free water, 5pi of bovine serum albumin (BSA) (1 
mg/ml), 2.5pl of 10X reaction buffer (100 mM Tris, pH 8.3, 0.5 M KCL), 1.5 mM 
M gCf, 0.25 pmole of each primer and 0.625 U of Taq polymerase. Amplifications were 
done using a MJ Thermal Cycler. Cycling parameters are listed in Table 1. After 
amplification, samples were visualized on a 1 % agarose gel stained with ethidium 
bromide.
Upon visualization on a 2% agarose gel stained with ethidium bromide, I found 
that the ND4 primers were actually amplifying two fragments, one approximately 950 bp 
in length and the other, about 1050 bp. Since ND4 is a mitochondrial gene and not likely 
to be multi-copy except in the very rare case of heteroplasmy (bi-parental inheritance of 
the mitochondria), I decided that it was necessary to sequence the fragments to discover 
what regions were being amplified with these primers.
25
Table 2: PCR primers used in this study. Three sets of previously published 
primers were used for this study. Two primers were designed for this study. Reaction 
conditions are provided for each set of primers. Amplification was performed on a 
MJ thermocycler.
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Cloning and Sequencing
DNA from four individuals was amplified using the COI gene primers, and the 
amplicons were cloned into the TA cloning vector pCR 2.1 (Invitrogen Corporation, 
Carlsbad, CA) and transformed into Escherichia coli IN FaF’ following the 
manufacturer's protocol. The bacteria were plated onto agar plates treated with ampicillin 
to prevent the growth of bacteria without plasmid, and X-gal to differentiate colonies 
with plasmid insert from those without by blue/white selection. Selected colonies were 
cultured overnight in 2X Yeast Tryptone (YT) media (0.6% w/v tryptone, 0.1% w/v yeast 
extract, 85 mM NaCl) with 50 mg/L ampicillin. Plasmid DNA was extracted using the 
Plasmid MiniPrep kit (Qiagen, Valencia, CA) following the manufacturer’s protocol and 
sequenced using the dideoxy-chain termination method (Sanger et al., 1977) using the 
thermo sequenase infrared labeled primer cycle sequencing kit with 7- deaza-dGTP 
(Amersham Corporation, Arlington fleights, IL) in conjunction with M l3 forward and 
reverse primers (LI-COR, Inc., Lincoln, NE). Sequencing reactions were run on a 
polyacrylamide gel on a LI-COR 4200 automated sequencer. Sequences were read using 
the e-seq software (LI-COR, Inc., Lincoln, NE). Virtual digests were performed on the 
sequence using MacVector 7.0 (Oxford Molecular). One enzym e(5^ I) was identified as 
producing a polymorphism. Resulting sequences were subjected to BLAST (Basic Local 
Alignment Search Tool) searches (Altschul et al. 1990) of the National Center for 
Biotechnology Information (NCBI) GenBank database and compared to COI sequences 
from other members of the Polychaete class.
Amplification, cloning and sequencing were repeated for each of the other loci. 
DNA from two individuals was amplified using "universal primers" for ND4 (Bielawski
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and Gold 1996). New primers were designed for both the ND4 locus and the alternate 
fragment that I have designated anonymous locus 1 (AL1). The new ND4 primers were 
used to amplify for sequencing DNA from two more individuals and sequences for four 
individuals generated at the AL1 locus by the "universal" ND4 primers were also 
determined.
Restriction Fragment Length Polymorphism Analysis
Table 3 shows a list of the enzymes screened at each locus for polymorphisms. 
Digestions were performed overnight at 37°C (except where noted). 5 pi of amplified 
DNA, 1 pi of enzyme and 2pl of the appropriate manufacturer supplied buffer was used in 
each 20pl digestion reaction. Restriction fragments were run on a 1.5% agarose gel and 
visualized with ethidium bromide. Exact test of population differentiation was performed 
on allele frequencies with Arlequin (Schneider et al. 2000).
Phylogenetic Analysis
COI sequences for other members of the class Polychaeta were downloaded from 
the Entrez database and aligned to the COI sequence from P. pinnata. Accession numbers 
and primary references for GenBank sequences are as follows: Opisthoteuthis sp., 
AF377961 (Carlini et al. 2001); Amphiglena terebro, AF342670, Cirratulus sp., 
AF342672, Dodecaceria sp., AF342673, Trichobranchus sp., AF342674, Amphitritides 
harpa, AF342676, Isolda sp. AF342677, Amphicteis dalmatica, AF342678,
Rhinothelepus lobatus, AF342679, Amaeana trilobata, AF342680, Lysillapacifwa, 
AF342681, Amphitritides sp., AF342683, Reterebella queenslandica, AF342684, Loimia
29
Table 3: Restriction enzymes screened at each gene for polymorphisms. A panel 
of twelve Paraprionospio pinnata individuals was screened with a variety of 
restriction enzymes at each gene.
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Locus
COI
ND4
Enzymes Company Locus Enzymes Company
Alu 1 Invitrogen AL1 Bam HI Invitrogen
Bam HI Invitrogen Ban II New England Biolabs
Ban II New England Biolabs Bbs 1 New England Biolabs
Bbs 1 New England Biolabs Dde 1 Fisher
Bfa 1 New England Biolabs Eco Rl Takara
Bgl II Takara Hinf 1 New England Biolabs
Cla 1 Invitrogen ITS Alu 1 Invitrogen
Dra 1 Invitrogen Bam HI Invitrogen
Eco Rl Takara Ban II New England Biolabs
Hae II New England Biolabs Bbs 1 New England Biolabs
Hha 1 Invitrogen Bfa 1 New England Biolabs
Hinc II Invitrogen Bgl II Takara
Hind III Takara Dde 1 Fisher
Hinf 1 New England Biolabs Eco Rl Takara
Mbo 1 New England Biolabs Hae II New England Biolabs
N e il New England Biolabs Hha 1 Invitrogen
Pvu II Invitrogen Hinc II Invitrogen
Rsa 1 Fisher Hind III Takara
Alu 1 Invitrogen Hinf 1 New England Biolabs
Bam HI Invitrogen Hpa 1 Gibco
Ban II New England Biolabs Hpa II Fisher
Bbs 1 New England Biolabs Kpn 1 Takara
Bfa 1 New England Biolabs Mbo 1 New England Biolabs
Bgl II Takara Mse 1 New England Biolabs
Dde 1 Fisher Msp 1 Invitrogen
Eco Rl Takara Nae 1 Takara
Eco RV New England Biolabs Nci 1 New England Biolabs
Hae II New England Biolabs Nde 1 New England Biolabs
Hha 1 Invitrogen Not 1 Takara
Hind III Takara P stl Takara
Hinf 1 New England Biolabs Rsa 1 Fisher
Hpa 1 Gibco Tag 1 Promega
Hpa II Fisher
Mbo 1 New England Biolabs
Mse 1 New England Biolabs
Msp 1 Invitrogen
Nae 1 Takara
Nci 1 New England Biolabs
Nde 1 New England Biolabs
Not 1 Takara
Nsp 1 New England Biolabs
Pvu II Invitrogen
Rsa 1 Fisher
Sal 1 Takara
Ssp 1 Takara
S stl Gibco
Sst II Invitrogen
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ingens, AF342685 (Colgan, Hutchings, and Brown direct submission to GenBank); 
Chysopetalum debile, AF221567, Dysponetus caecus, AF221568, Hesionides arenaria, 
AF221569, Heteropodarke formalis, AF221570, Microphthalmus listensis, AF221571, 
Neanthes virens, AF221572, Ophiodromus flexuosus, AF221573, Sigambra tentaculata, 
AF221574, Pisione remota, AF221575 (Dahlgren et al. 2000); Paralvinellapalmiformis, 
U74070 (Black et al. 1997); Manayunkia zenkewitschii, AJ428405 (Pudovkina direct 
submission to GenBank); Prionospio steenstrupi, AF138955, Scololepis squamata,
A F138956, Streblospio gynobranchiata, A F13 8933, Streblospio benedicti A F138954 
(Schulze et al. 2000); and Branchipolynoe sp., AF399963 (Vrijenhoek and Hurtado direct 
submission to GenBank). Sequences were aligned for phylogenetic analysis using the 
CLUSTAL-W algorithm (Thompson et al. 1994) in the MacVector 7.0 sequence analysis 
software package (Oxford Molecular) using the program default open-gap penalty of 20 
and an extend-gap penalty of 10.
Phylogenetic trees were generated using three models, and two methods of tree 
generation. The methods of tree generation were Neighbor-Joining (Saitou and Nei,
1987) and parsimony analysis. Parsimony jackknife analysis (Montvay and Munster 
1994) was performed with 20% replacement and 100 jackknife replications. All trees 
were generated using PAUP*4b8.0 (Swofford 2001).
Three alternate phylogenetic models were explored, one including all nucleotide 
sites, one that removed the third position from the analysis, and another that translated the 
DNA sequence to its amino acid sequence.
Results
Sample Collection
The number of individuals collected at each site is reported in Table 1. Since the 
objective in sampling was to collect sufficient numbers of P. pinnata, and not to quantify 
the density of the organism in the sediment, the number of individuals collected cannot 
be used as a quantitative measurement. Qualitatively, more P. pinnata were present in 
the river samples than in the bay main-stem samples.
Morphological Measurements
Fifth setiger width varied between 0.4 and 1.0mm (Figure 3). The largest worms 
were only found in the upper main-stem and Rappahannock stations. A Cochran-Mantel- 
Haenszel statistic (SAS) showed that the distribution of the size of the Rappahannock P. 
pinnata was significantly different from that at any other station (Table 4).
In the 1996 study of P. pinnata's autecology by Hinchey, samples were taken 
from roughly the same station as the York River samples collected for this study. In 
November of 1996 the abundance of P. pinnata at the York River station was 956 
individuals/m2, and was a month of high abundance for the species throughout the year of 
that study. The size distribution of individuals at the York River station collected in 1996 
and 2001 were similar (Figure 4) with 1996 having a higher proportion of large animals.
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Figure 3: Frequency of 5th setiger width and branchae length categories in each 
of the four stations. Because o f the difference in sample size, the data is presented as 
proportions of individuals in the size class to the total number of individuals at that 
site. For 5th setiger data N for the Upper Chesapeake Bay, Rappahannock River, 
York River and Lower Chesapeake Bay are 27, 47,48, and 31 respectively. The N for 
the branchia length data for the same stations are 14, 21, 36, and 22.
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Table 4: P values for Mann-Whitney test of fifth setiger width. Above the diagonal 
are the P values (adjusted for ties) for a pair wise Mann-Whitney test of the fifth 
setiger distribution of four sites. Site abbreviations are UCB= upper Chesapeake Bay 
main-stem, RAP= Rappahannock River, YRK= York River, and LCB= lower 
Chesapeake Bay main-stem. Below the diagonal, significant differences are marked.
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UCB RAP YRK LCB
UCB -  0 .0169 0 .8436 0.1103
RAP * -  0 .0012 <0.0001
YRK * -  0.0659
LCB
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Figure 4: Comparison of size frequency distribution in samples from the York 
River in years 1996 and 2001. Because o f the difference in sample size, the data are 
presented as proportions of individuals in the size class to the total number of 
individuals at that year. Animals in  1996 were larger than those in 2001.
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Examination of historical data from the ongoing monitoring of the York River 
station (1960-present)(Data presented through 1988 in Figure 5) (Boesch et al. 1976) 
shows that before 1973 densities of P. pinnata were much lower that was recorded in the 
70's and 80's.
Collection of the branchiae length data was problematic because the P. pinnata 
often sheds one or more pairs of branchiae when under stress. Not all worms whose fifth 
setiger were measured had all of their branchiae. Branchiae length varied between 0.4 
and 1.6 mm. Sample sizes in this case were insufficient to run a statistical analysis.
Restriction Fragment Length Polymorphism Analysis
COI was the only gene region in which a restriction site polymorphism was 
identified among Chesapeake Bay P. pinnata. Virtual digests of the AL1 locus indicated 
that EcoR  I would show a polymorphism at the AL1 locus, but further screening of AL1 
with the EcoR  I enzyme showed that all individuals were heterozygous.
The proportion of individuals bearing each allele at the COI gene in each 
population are reported in Figure 6. An exact test of population differentiation (Raymond 
and Rousset 1995, Goudet et al. 1996) performed in Arlequin (Schneider et al. 2000) 
showed that there was no significant partitioning of alleles between populations (see 
Table 5 for P values).
The ND4 amplicons generated, using the newly designed species specific primers, 
were screened with 29 restriction enzymes. None of these displayed any polymorphisms. 
Three enzymes were chosen to screen 92 individuals in order to show that the likelihood 
of rare alleles being present in the population was low.
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Figure 5: Historical abundance of P. pinnata  in the York River. Data from a site in 
the York River with the coordinates Latitude= 37°14.64’, Longitude= -76 °29.67\ 
Samples are collected quarterly with a Smith-Mac sediment grab. * indicate missing 
data.
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Figure 6: Allelic variation in the COI gene. Proportion o f each allelic variation of 
the COI gene, as determined by RFLP analysis with the restriction enzyme Bbs I, in 
four samples from Chesapeake Bay and its tributaries.
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Table 5: P values for exact test of sample differentiation based on allele frequency.
Above the diagonal are the P values of and exact test of sample differentiation. Below 
the diagonal significant differences are marked.
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UCB RAP YRK LCB
UCB -  0.3019+/-0.134 0.7940 +/- 0.0052 1.0000 +/- 0.0000
RAP -  0.5079 +/- 0.0055 0.3063 +/- 0.0092
YRK -  0.8090 +/- 0.0059
LCB
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ITS amplicons were screened with 23 restriction enzymes. It rapidly became 
apparent that the multi-copy nature of ITS was confounding gel scoring. The problem 
was compounded by the variable nature of the amplified product. An individual sample 
amplified in two separate reactions might not have the same number of amplicons. There 
appeared to be non-specific amplification in many cases. Sequence analysis of multiple 
copies was needed to determine the degree of sequence difference among copies of ITS.
Sequencing
A sequence alignment of 4 individuals generated from the COI locus is shown in 
Figure 7. Sequences were BLASTed against the Entrez database and the results are 
given in Table 6. Based on the BLAST results, these sequences from P. pinnata were 
most similar to Opisthoteuthis, a cephalopod.
Sequence alignments forND4 are displayed in Figure 8. One segment BLASTed 
to an ND5 sequence in Drosophila madeirensis. The other sequence had no likely match 
in GenBank. Because of differences between sequences within a single individual, and 
the lack of BLAST data that would suggest that it was a mitochondrial region, I presumed 
this to be an anonymous region of the nuclear genome and named it Anonymous Locus 1 
(AL1). I proceeded to treat it as an independent locus.
O f the three sequences gathered for the true ND4 locus, two were separate clones 
of the same individual and therefore they were expected to be identical. Between those 
two sequences and the third, there were no site differences in 1022 bases. Further 
sequencing using the species specific ND4 primers designed for this study (Figure 9) 
show that in the shorter amplicon, four individuals showed no site differences in 393
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Figure 7: Alignment of COI gene. An alignment of COI DNA sequences from four 
individuals from the York River site generated using the CLUSTAL-W algorithm 
(Thompson et al. 1994) in the Mac Vector 7.0 sequence analysis software package 
(Oxford Molecular) using an open-gap penalty of 20 and an extend-gap penalty of 10. 
Ambiguities are marked in white and are coded as follows:B= not A; D= not C; H= not 
G; K= GT; M=AC; N=ACGT; R=AG; S=CG; V= not T; W=AT; Y=CT.
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Table 6: COI BLAST Results. Sequences were BLASTed against the Entrez 
database. One of them is reported here.
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BLAST 2.2.5 Results Description List
BLAST Analysis for Sequence: BrY6_3consensus
Search from 1 to 658 Program: BLASTN
Expect: 10 Low complexity filter: on Matrix: n/a
Genetic Code: n/a Gapped search: on
Open cost: 11 Extend cost: 1 X-Dropoff: 50
Database: All GenBank+EMBL+DDBJ+PDB sequences (but no EST, STS, GSS, or phase 0, 
1 or 2 HTGS sequences) (1711089 sequences)
Build Date: Mar 26, 2003 10:25 PM
Sequences producing high-scoring segment pairs:
Smallest Sum 
High Probability 
Score P(N)
1 . gi 15421815 Opisthoteuthis s p . CYV-2001 cytochrome cE 73 0
2 . gi 19850195 Rhinothelepus lobatus cytochrome oxidaseE 71 0
3. gi 3243207 Fridericia tuberosa cytochrome c oxidaseE 70 0
4 . gi 7008040 Cincinnatia winkleyi cytochrome c oxidasE 69 0
5 . gi 19850201 Pista australis cytochrome oxidase subunE 67 0
6. gi 19850187 Trichobranchus sp. AMW24401 cytochrome oE 67 0
7 . gi 2267265 Urechis s p . 'California' cytochrome c oxE 67 0
8 . gi 21745181 Floridobia winkleyi cytochrome c oxidaseE 65 0
9. gi 21745205 Pyrgulopsis pecosensis cytochrome c oxidE 62 0
10 . gi 6684012 Fundulus zebrinus isolate CIM112 cytochrE 62 0
11 . gi 27802102 Brotia pagodula ZMB 200208 cytochrome oxE 59 0
12 . gi 15986589 Allothereua maculata cytochrome oxidase E 59 0
13 . gi 21745249 Pyrgulopsis neritella cytochrome c oxidaE 58 0
14 . gi 5006525 Streblospio benedicti strain BS3 cytochrE 58 0
15. gi 29171016 Clostera albosigma cytochrome c oxidase E 57 0
16. gi 5123682 Baicalia carinata partial mitochondrial E 57 0
17 . gi 28882778 Monetaria caputdraconis isolate BJLinnSoE 55 0
18 . gi 6684015 Fundulus zebrinus isolate CAN2 cytochromE 55 0
19. gi 6684011 Fundulus zebrinus isolate SFNIN2 cytochrE 55 0
20 . gi 6684010 Fundulus zebrinus isolate CHIK1 cytochroE 55 0
21. gi 6684009 Fundulus zebrinus isolate TBll cytochromE 55 0
22 . gi 6684008 Fundulus zebrinus isolate WH2 cytochromeE 55 0
23. gi 6684007 Fundulus zebrinus isolate WH1 cytochromeE 55 0
24 . gi 6684006 Fundulus zebrinus isolate SH4 cytochromeE 55 0
25. gi 6684005 Fundulus zebrinus isolate SHI cytochromeE 55 0
26. gi 6684004 Fundulus zebrinus isolate WYLA1 cytochroE 55 0
27 . gi 6684003 Fundulus zebrinus isolate ARIK1 cytochroE 55 0
28 . gi 6684002 Fundulus zebrinus isolate SPNP1 cytochroE 55 0
29. gi 2760016 Lumbricus rubellus mitochondrial mRNA foE 55 0
30 . gi 28207581 Sepia latimanus cytochrome oxidase subunE 54 0
31. gi 23320961 Haementeria gracilis cytochrome c oxidasE 54 0
32 . gi 6684014 Fundulus zebrinus isolate CAN1 cytochromE 54 0
33. gi 6684013 Fundulus zebrinus isolate BEAVER1 cytochE 54 0
34 . gi 13991776 Sepiella maindroni cytochrome c oxidase E 54 0
35. gi 13752531 Sepia esculenta cytochrome c oxidase subE 54 0
36. gi 9754701 Erynnis tristis cytochrome c oxidase I (E 54 0
37 . gi 13378048 Sepiella maindroni cytochrome c oxidase E 54 0
38. gi 2352339 Haementeria gracilis cytochrome c oxidasE 54 0
39. gi 29170956 Ochropleura implecta cytochrome c oxidasE 53 0
40. gi 29170748 Nemoria rubrifrontaria cytochrome c oxidE 53 0
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Figure 8: Alignment of ND4 gene using Bielawski/Gold primers. An alignment of 
ND4 sequences from two individuals from the lower Chesapeake Bay main-stem site 
generated using the CLUSTAL-W algorithm (Thompson et al. 1994) in the 
MacVector 7.0 sequence analysis software package (Oxford Molecular) using an 
open-gap penalty of 20 and an extend-gap penalty of 10. Ambiguities are marked in 
white and are coded as follows:B= not A; D= not C; H= not G; K= GT; M=AC; 
N=ACGT; R=AG; S=CG; V= not T; W=AT; Y=CT.
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Figure 9: Alignment of ND4 gene using primers designed for this study. An
alignment of ND4 DNA sequences from four individuals from the lower Chesapeake 
Bay main-stem and upper Chesapeake Bay main-stem sites generated using the 
CLUSTAL-W algorithm (Thompson et al. 1994) in the MacVector 7.0 sequence analysis 
software package (Oxford Molecular) using an open-gap penalty o f 20 and an extend-gap 
penalty of 10. Ambiguities are marked in white and are coded as follows:B= not A; D= 
not C; H= not G; K= GT; M=AC; N=ACGT; R=AG; S=CG; V= not T; W=AT; Y=CT.
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bases. As discussed above, none of the restriction enzymes surveyed on ND4 amplicons 
revealed any polymorphisms either, suggesting that there is very little variation at this 
locus.
The sequence alignment for the AL1 locus is shown in Figure 10. A BLAST 
search of GenBank returned no significant similarities. The closest potential match was a 
ribonuclease in Camelus bactrianus and Lama pacos. Comparison of the DNA sequence 
for the AL1 region to a database of restriction enzyme recognition sequences suggested 
that EcoR  I would reveal polymorphisms at this locus. As discussed above, all 103 
individuals screened with EcoR  I were heterozygous. The sequences revealed a 
significant difference in sequence, in the 58-82 base pair region, between the one clone 
sequenced, which did not have the EcoR  I cut site and the other 5 individuals which did. 
Otherwise, the sequences are very similar, with only 11 fixed differences out of 949 base 
pairs of sequence.
An alignment of the ITS sequences is presented in Figure 11. There were 32 
variable sites in 1068 aligned bases. The sequence was not particularly close to any 
sequences available in GenBank except in the highly conserved 5.8S region. All of the 32 
variable sites were observed among various DNA clones from the same individual, 
making the intra-individual variation as great as the inter-individual variation.
Phylogenetic Analysis
The COI alignment of 30 species from the Polychaeta Class and one molluscan 
out-group, trimmed to the region shared by all sequences, is shown in Figure 12. There 
are 578 of which 402 were parsimony informative.
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Figure 10: Alignment of the AL1 region. An alignment of AL1 DNA sequences 
from four individuals from the lower Chesapeake Bay main-stem and one from the 
upper main-stem generated using the CLUSTAL-W algorithm (Thompson et al. 
1994) in the MacVector 7.0 sequence analysis software package (Oxford Molecular) 
using an open-gap penalty of 20 and an extend-gap penalty of 10. One clone from 
one individual from the lower main-stem site shows significant differences in the 58- 
82 bp region. This clone contains an Eco RI restriction enzyme cut site. The others 
do not. Ambiguities are marked in white and are coded as follows:B= not A; D= not 
C; H= not G; K= GT; M=AC; N=ACGT; R=AG; S=CG; V= not T; W=AT; Y=CT.
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Figure 11: Alignment of ITS region. An alignment of ITS region DNA sequences 
from five individuals from the upper Chesapeake Bay main-stem and the York River 
generated using the CLUSTAL-W algorithm (Thompson et al. 1994) in the 
MacVector 7.0 sequence analysis software package (Oxford Molecular) using an
open-gap penalty o f 20 and an extend-gap penalty of 10. Ambiguities are marked in 
white and are coded as follows:B= not A; D= not C; H= not G; K= GT; M=AC; 
N=ACGT; R=AG; S=CG; V= not T; W=AT; Y=CT.
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Figure 12: Trimmed multi-species alignment of the COI gene. An alignment of 
30 species in the Class Polychaeta. The alignment was generated using the 
CLUSTAL-W algorithm (Thompson et al. 1994) in the Mac Vector 7.0 sequence 
analysis software package (Oxford Molecular) using an open-gap penalty of 20 and 
an extend-gap penalty of 10. Sequences from two Orders, four Sub-orders, and 
thirteen Families were included. The cephalopod Opisthoteuthis sp. was used as an 
out-group. Ambiguities are marked in white and are coded as follows:B= not A; D= 
not C; H= not G; K= GT; M=AC; N=ACGT; R=AG; S=CG; V= not T; W=AT; 
Y=CT.
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A Neighbor-Joining (NJ) tree, and parsimony tree are shown in Figures 13 and 
14. Jack-knife support values above 50 are shown on the parsimony tree. Most support 
values were very low, and the branch lengths on the NJ tree are very long. The NJ tree 
generated using all the characters does not agree very well with the polychaete phylogeny 
based on parsimony analysis of morphological characteristics as proposed by Rouse and 
Fauchald (1997). They proposed a tree (Figure 20) based on a weighted presence/ 
absence character matrix. This included the orders Aciculata and Canalipalpata which 
are in common usage. The Aciculata order was strongly supported, and is defined by the 
presence of aciculae. The other order, Canalipalpata, which is defined by the presence of 
grooved palps, is not as well supported by the morphological data. The Aciculata is 
divided into two sub-orders, the Phyllodocida and the Eunicida, only the first of which is 
represented in the current study. The Canalipalpata is divided into three groups, the 
Sabellida, the Terebellida and the Spionida.
The order Aciculata groups within the order Canalipalpata, with the exception of 
a group containing Sigambra tentaculata and Microphthalmus listensis that is less 
derived than the rest of its order. The species Manayunkia zenkewitschii falls basal on 
the tree. Family groupings in this tree are generally consistent with traditional 
morphological phylogenies. The Spionidae family falls out. The family Terebellidae 
contains the Sabellida Amphiglena terebro and is missing only Rhinothelepus lobatus to 
be a monophyletic group.
The parsimony tree was very different from the NJ tree. In this tree Paralvinella 
palmiformis appeared to be the most basal, while Manayunkia zenkewitschii grouped 
fairly closely with Microphthalmus listensis, a polychaete in the Aciculata order. The
65
Figure 13: Neighbor-Joining tree of partial COI sequence. The Neighbor-Joining 
tree generated using uncorrected “p” genetic distances of a portion of the COI gene 
following sequence alignment using CLUSTALW (Thompson, 1994).
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Figure 14: Parsimony tree of partial COI sequence. The parsimony tree generated 
using of a portion o f the COI gene following sequence alignment using CLUSTALW 
(Thompson, 1994). Opisthoteuthis sp. was used as an outgroup. Jackknife support 
values above 50 are shown on branches that had support Twenty percent character 
deletion was used for the Jackknife analysis.
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Terebellidae family was monophyletic, again with the exception of Rhinothelepus 
Iobatus, and the inclusion of Amphiglena terebro. Most of the Aciculata order fell 
together within a group containing the Spionidae family and members of the Sabellidae 
and Ampharetidae families. The Spionidae family was split with the Streblospio genus 
being removed from the others. Jackknife values were high for several pairs of species, 
but there was very little support for any higher groupings.
A translation of the DNA sequence using the invertebrate mitochondrial code 
(Figure 15) shows that the amino acid sequence is fairly conserved. The homoplasy of 
third position substitutions can be dealt with in the analysis in two ways. The third 
position can be removed from the analysis, or the DNA sequence can be translated into 
an amino acid sequence, removing all synonymous substitutions at the DNA level. When 
the third position is removed from the analysis a very different tree topology emerges. In 
the NJ analysis (Figure 16), the Aciculata order is separated into three groups, one that 
falls with the Spionidae family, and another with the Ampharetidae family and 
Amphiglena terebro. The final species in the Aciculata order, Dysponetus caecus is a 
basal branch. As in the previous trees, Amphiglena terebro does not group with its 
family member Manayunkia zenkewitschii. That polychaete is in a group with the 
members of the Cirratulidae family. Again, Rhinothelepus Iobatus is more basal than the 
rest of the Terebellidae family.
The trees generated by parsimony analysis, still excluding the third position, 
(Figure 17) are similar to the tree generated by NJ analysis with all characters included in 
that the order Canalipalpata is a derived group and members of the Aciculata order are 
more ancestral. Again, Manayunkia zenkewitschii falls external to the other members of
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Figure 15: Alignment of COI gene translated to amino acid sequence. COI DNA
sequence was translated to an amino acid sequence using the invertebrate mitochondrial 
genetic code in MacVector 7.0 sequence analysis software package (Oxford Molecular) 
and aligned in the same program using an open-gap penalty o f 10 and an extend-gap 
penalty of 0.05.
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Figure 16: Neighbor-Joining tree of partial COI sequence with the third codon 
position removed. The Neighbor-Joining tree generated using uncorrected “p” genetic 
distances o f a portion o f the COI gene following sequence alignment using 
CLUSTALW (Thompson, 1994). Opisthoteuthis sp. was used as an outgroup.
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Figure 17: Two most parsimonious trees of partial COI sequence with the third 
position removed. The parsimony tree generated using of a portion of the COI gene 
following sequence alignment using CLUSTALW (Thompson, 1994). Opisthoteuthis 
sp. was used as an outgroup. Jackknife support values above 50 are shown on branches 
that had support. Twenty percent character deletion was used for the Jackknife.
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Canalipalpata. Rhinothelepus Iobatus and the Cirratulidaes do not group with the rest of 
the Terebellida sub-order. They fall within the Spionida group. The rest of the 
Terebellidae family is monophyletic. Amphiglena terebro falls within the Terebellida 
sub-order. A second, equally parsimonious tree moves the clade containing 
Ophiodromus flexuosus and Heteropodarke formalis to a more internal branch.
Figure 18 depicts the NJ tree produced using the protein sequences. Much like the 
NJ tree for the full DNA analysis, this tree had very long branch lengths. The Aciculata 
order, with the exception of Sigambra tentaculata and Microphthalmus listensis grouped 
as an within the complete Spionidae family, but outside to the remaining Canalipalpata 
and Aciculata. Manayunkia zenkewitschii is external to all the other branches.
The parsimony trees generated using the amino acid sequence (Figure 19) had the 
highest jackknife support of all of the parsimony trees. As in several of the other trees, 
the Canalipalpata order was not separate from the Aciculata order. There was good 
support for the Spionidae and Terrebellidae family groupings, but not for the Terrebellida 
sub-order. Dysponetus caecus fell within the Canalipalpata order while Amphiglena 
terebro fell outside it. There was not good support for the Hesionidae family group.
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Figure 18: Neighbor-Joining tree of partial COI amino acid sequence. The
Neighbor-Joining tree generated using uncorrected “p” genetic distances o f a portion of 
the COI gene following sequence alignment using CLUSTALW (Thompson, 1994). 
Opisthoteuthis sp. was used as an outgroup.
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Figure 19: Two most parsimonious trees of partial COI amino acid sequence. The
parsimony tree generated using o f a portion of the COI gene following sequence 
alignment using CLUSTALW (Thompson, 1994). Opisthoteuthis sp. was used as an 
outgroup. Jackknife support values above 50 are shown on branches that had support. 
Twenty percent character deletion was used for the Jackknife analysis.
8 0
iculata
T3
Terebellidae
Q .
Q -
T3
CL
Q .
00
T3
^ ^ C an a lip a lp a ta icu lata
W
Terebellidae
Cs3 N
I  a
Discussion
Population Study
There were significant differences between the size distributions of P. pinnata 
among the four sites. Most of those differences were between the Rappahannock River 
site and the other three sites. The individuals from Rappahannock River site and the 
upper Chesapeake Bay site tended to be a little larger than those in the York River and 
lower main-stem.
The relationship between fifth setiger width and branchiae length was weak 
R =0.22. This lack of correlation may be an indication that branchia length is a trait 
independent from size, and therefore potentially under a different selection pressure. The 
results from this study do not indicate that hypoxic conditions have any effect on the 
length of branchia at each site.
None of the genes surveyed in this study displayed much variation. The 
mitochondrial genes in particular were almost identical in all the organisms sequenced. 
The nuclear genes, both of them apparently multi-copy, showed as much variation within 
individuals as between them. The COI polymorphism alone is not sufficient to 
distinguish any of the populations from one another. Each allele accounted for roughly 
half of each population. This is what we would expect from a common and neutral 
mutation. A more extensive mitochondrial survey might be more informative, but with
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only the single difference in the COI gene, it was impossible to separate the four 
populations. This supports the null hypothesis of no population structure.
The lack of variation at the ND4 locus seems to also support the null hypothesis 
o f no differentiation between populations. ND4 has been used successfully in past 
studies to distinguish between populations of the same species (Hardy et al., 2002; 
Gorrochotegui-Escalante et al, 2002; Hauser et al, 2001). If the power were higher and 
more individuals had been successfully sequenced the low degree of variation indicated 
in this study could be strong evidence that there is no population structure.
It is highly unlikely that every individual would be heterozygous at the ATI 
locus. Such an event would most likely happen if this locus were a coding region and 
both the homozygous states were lethal. This is very unlikely. More probable is that the 
re-designed primers are still amplifying at least two loci. The sequence analysis showed 
that there were 21 total unique changes, out of the 949 sites surveyed between the single 
DNA clone that contained the EcoR  I cut site and the 5 DNA clones that did not. Ten of 
those changes are concentrated in a 20 base pair stretch. Redesigning a forward primer to 
that region may allow independent PCR amplification of the two loci.
Taken together, the genetic evidence indicates that there is little to no genetic 
variation between populations of P. pinnata at the surveyed sites. No genetic 
differentiation was revealed between sites, and no correlation of any factor, genetic or 
morphological, with the presence or absence of hypoxia was observed. Nothing can lead 
us to reject the null hypothesis of no differentiation between the sites. In fact, the 
extreme mitochondrial similarity may indicate that the population has recently undergone 
a severe bottleneck. There appeared to have been a population crash in the York River
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(Figure 5) in the winter of 1984 that may explain the lack of variation. Alternately, 
abundances before 1973 were very low. It is possible that Paraprionospio pinnata was 
introduced into Chesapeake Bay only sometime in the last fifty years and that it did not 
gain a strong foot hold until the early 1970's. The introduction of a species and the 
presence of a founder effect can lead to a lack of variation similar to what was observed 
in this study. A larger number of sequences from several individuals from multiple sites 
would help to confirm this.
Phylogenetic Study
Although the COI gene by itself is not ideal for determining phylogenetic 
relationships, as is shown by the long branch lengths in the NJ trees and the low jackknife 
support values, these analyses did provide some valuable insights. The analyses provide 
strong support for several of the taxonomic family groupings proposed by Rouse and 
Fauchald (1997)(Figure 20) among the Canallipalpata order, namely Terebellidae and 
Spionidae. There was some indication that the inclusion of Rhinothelepus Iobatus in the 
family Terebellidae may be inappropriate. The two species representing the 
Ampharetidae family were also very strongly supported as a single grouping and 
appeared to be more closely related than even the members of the Streblospio genus are 
to one another. O f the three sub-orders in the Canalipalpata, there was strong support for 
the Terebellida sub-order. The Spionida group was also well supported, but this study 
only presented one family group in the Spionida, and so it was not particularly strong 
evidence that the sub-order would hold up if more taxa are added to the analysis. The 
Sabellida group was very poorly represented in this study (only two species), but there
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Figure 20: Basic classification of the taxa used by Rouse and Fauchald (1997).
Phylogenetic tree based on a parsimony analysis of weighted morphological 
characteristics, as proposed in Fig. 2 of Rouse and Fauchald, 1998).
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was no evidence to support that either one of these species should be grouped together, or 
separated from other groups, though there was very little consensus on where they do 
belong. There was very little evidence to support a division of the orders Aciculata and 
Canalipalpata, but that may be as much due to the locus being unsuitable to examine that 
level of divergence as it was due to any real lack of differentiation between the orders.
Manayunkia zenkewitschii never grouped with its nominal family member, 
Amphiglena, and frequently fell outside the grouping including the rest o f the 
Canalipalpatas. Manayunkia zenkewitschii is native to Lake Bikal, and as it has likely 
been isolated from marine polychaetes for a very long time in a significantly different 
environment. Based on this, we may expect it to be divergent from the rest.
The family groups within the Aciculata order were not as strongly supported as 
those within the Canalipalpata order. None of the analyses contained groups that 
encompassed more than two of the Hesionidae family, and the Chrysopetalidae family 
had no strong support either.
Brown et al. (1999) reviewed Rouse and Fauchald's relationships using several 
genetic markers including, the histone H3 gene, U2 small nuclear RNA gene and two 
segments of the 28S ribosomal DNA cistrons. The tree representing their combined data 
is shown in Figure 21. They found that they were unable to support monophyly of any of 
the clades for which more than one sequence was available (Phyllodocida, Spionida or 
Sabellida). Only families that were represented by multiple members in their analysis 
had those family groupings supported (Cirratulidae and Terebellidae). As in the current 
study, the Aciculata species did not form a clade, though in the Brown study the presence
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Figure 21: Minimum-length tree for combined H3, U2 snRNA, and 28S rDNA 
sequence data. This phylogenetic tree based on a parsimony analysis of three genes 
was proposed by (Brown et al. 1999, Fig. 5). Percentages greater than 50 for bootstrap 
pseudo-sampling are shown above the clade branch. Bremer decay indices of three or 
more are shown below the branch. Abbreviations of the families are as follows: 
Sbi=Sabellariidae; Sab= Sabellidae; Ser= Serpulidae; Owe= Oweniidae; Fav= 
Fauveliopsidae; Ste= Stemaspidae; Sib= Siboglinidae; Cir= Cirratulidae; Pec=
Pectinariidae; Ter= Terebellidae; Spi= Spionidae; Cha= Chaetopteridae; Pol= 
Polynoidae; Sig= Sigalionidae; Gly= Flyceridae; Nep= Nephtyidae; Amp= 
Amphinomidae; Lum= Lumbrineridae; Eun= Eunicidae; Mal= Maldanidae; Cap= 
Capitellidae; Oph= Opheliidae; Orb= Orbiniidae.
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of aciculae could not even be interpreted as an ancestral character, as several of the trees 
in my study suggest.
A 2000 study by Dalgren et al. examined the monophyly of the Chrysopetalidae 
and Hesionidae families using morphological characteristics and COI sequences. I 
utilized the sequences generated by Dalgren et al. in my analysis, and though I did not 
include morphological characters, my analysis supports their conclusions, that 
Chrysopetalidae was not monophyletic, and that the genuses Microphthalmus and 
Hesionides, do not belong in the Hesionidae family.
McHugh (2000) indicates that none of the studies examining polychaete 
relationships strongly conflict with the results of Rouse and Fauchald (1997) because 
none of the groupings that contradict Rouse and Fauchald are supported by bootstrap 
values >50. Low bootstrap values were an issue in my analysis as well. Jackknife 
support was rather higher, though in only one tree, the parsimony analysis of DNA 
sequences with the third position removed, was a grouping higher than family supported 
with a Jackknife value >50. This group included all polychaetes in the analysis with the 
exception of Dysponetus caecus, and the Jackknife value was only moderate (74).
More molecular data, or a more thorough complement of taxa, added to the 
analysis might prove enlightening as the molecular data to date has conflicted with much 
of the morphological data. The cytochrome b gene has proven to be a robust marker for 
examining the phylogenetic relationships among fish (Orrell 2000, Cantatore et al. 1994) 
because it is less conserved than COI and therefore better for examining more closely 
related species, though COI did seem to recover most family groupings in this study. 
Brown et. al provided a fairly broad range of nuclear markers, but seldom more than one
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species representing each family. If one o f the species chosen to represent a family were 
found to be misclassified, it would cause considerable problems with their interpretation 
of their results. Their phylogenetic tree would likely be strengthened by a larger 
taxonomic sampling.
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